INTRODUCTION
sgRNA an RNA:DNA duplex is formed -displacing one of the DNA strands -resulting in an R-23 loop (Gasiunas et al., 2012; Gong et al., 2018; Jiang and Doudna, 2017; Sternberg et al., 2014;  24 Szczelkun et al., 2014; Zeng et al., 2017) . SpyCas9 recognizes a 5'-NGG PAM (Anders et al., (Friedland et al., 2015; Nishimasu et al., 2015; Xie et al., 2018) . Successful R-loop formation -1 contingent on perfect (or near-perfect) sgRNA:target DNA match -facilitates DNA cleavage 2 marked by the RuvC domain and HNH domains cleaving the PAM-containing and the non PAM-3 containing DNA strands, respectively (Gasiunas et al., 2012; Nishimasu et al., 2014; Sternberg 4 et al., 2014) . Work in vivo and in vitro, including single molecule and bulk kinetic experiments 5 showed that upon DNA cleavage SpyCas9 remains bound to the DNA, resulting in extremely 6 slow product release, which ultimately inhibits enzymatic turnover (Gong et al., 2018; Jones et 7 al., 2017; Raper et al., 2018; Richardson et al., 2016; Sternberg et al., 2014) . Furthermore, a 8 recent report demonstrates that SpyCas9 modestly degrades cleaved DNA products 9 (Stephenson et al., 2018) .
11
Here, using biochemistry and enzyme kinetics we compared the DNA cleavage activity of 12 SpyCas9 and SauCas9 RNPs, in vitro, on a 110 nucleotide-long dsDNA containing a PAM 13 sequence that is recognized by both homologs. Our data suggest that both homologs form 14 highly stable RNPs and in contrast to SpyCas9, which cleaves a stoichiometric amount of DNA,
15
SauCas9 is a multiple turnover enzyme. To our knowledge, this is the first report of such activity 21 22 23 24 25 ( Fig. 1A) . Briefly, sgRNAs were transcribed in vitro with T7 RNA Polymerase, purified on a 23 denaturing acrylamide gel, and labeled with a 3'-Cytidine-5 (Cy5) fluorophore. All reactions were 24 carried out at room temperature (22°C) in New England Biolabs Buffer 3.1 (Methods). Cas9 calculated from the change in fluorescence anisotropy over an increasing concentration of Cas9 1 protein (Fig. 1A) . The data were fit with a quadratic binding equation (Methods), which resulted 2 in comparable K D values for Spy-and SauCas9 of 21 ± 1 nM and 30 ± 10 nM, respectively 3 (Fersht, 1999; Pollard, 2010) .
5
Having established the affinities with which Spy-and SauCas9 homologs bind their respective 6 sgRNAs, we measured the dependence of the rate and extent of DNA cleavage on the sgRNA 7 concentration. sgRNAs were refolded by heating to 65°C and cooling to 4°C at 0.1°C/sec in a 8 thermocycler. 25 nM Spy-or SauCas9 was preincubated in the presence of a variable 9 concentration of sgRNA, ranging from 0 to 300 nM, for 15 min and reactions were initiated by 10 addition of 10 nM 110mer double-stranded DNA1 (Table 1) harboring a 20-nucleotide target 11 sequence that was a perfect complement to the sgRNA as well as a TGGAAT PAM, which fulfils 12 both Spy (NGG) and Sau (NNGRRT) PAM requirements (Friedland et al., 2015; Mojica et al., 13 2009 ). The DNA did not have any other occurrences of either the target sequence or the PAMs 14 (Table 1, 
25
when the reaction is not limited by sgRNA concentration, and the concentration of sgRNA required to achieve the half-maximal rate of DNA cleavage (K 1/2 ). The k max for the cleavage of min -1 and 3.3 ± 0.5 min -1 , respectively). The k max for the cleavage of the PAM-containing strand 3 by the RuvC domain was modestly slower for SpyCas9 (2.3 ± 0.4 min -1 ) consistent with previous 4 reports ( Gong et al., 2018; Raper et al., 2018) , and approximately 3-fold slower for Sau (1.0 ± 5 0.5 min -1 ). The K 1/2 values for both Spy-and SauCas9 -measured for either PAM-containing or 6 non-PAM strand cleavage -were between 8 nM and 10 nM ( Fig. 1D ), consistent with an 7 efficient interaction between the Cas9 protein and sgRNA ( Fig. 1A ). It did not escape our (Gong et al., 2018; Jones et al., 2017; Raper et al., 2018; Sternberg et al., 2014) 16 demonstrated that the Cas9•sgRNA RNP rapidly finds and cleaves the target DNA sequence but does not dissociate from the cleaved DNA. In contrast, another study involving SpyCas9 18 suggests that cleaved DNA strands may be released from the post-cleavage complex 19 (Richardson et al., 2016) ; however, Cas9 is widely accepted to be a single turnover enzyme 20 expected to cleave substrate DNA in approximately 1:1 stoichiometry with active RNP 21 complexes. We performed experiments designed to replicate the previous observations of others by preincubating 25 nM Spy-or SauCas9 and 100 nM of respective sgRNA for 15 min 23 and then added a 10-fold excess of 110mer DNA1 (250 nM) (Table 1) , quenched reaction 24 aliquots over a course of 24 hr, and analyzed the reactions by CE as described above. As of cleaved product, which increased to 33 ± 5 nM over 24 hr, suggesting that SpyCas9 is nearly 1 100% active in the presence of saturating sgRNA but there is a very low degree of turnover ( Fig.   2 2A). Strikingly, after 24 hr, SauCas9 resulted in 150 ± 20 nM cleaved DNA, suggesting that the 3 enzyme turns over significantly faster than the S. pyogenes homolog. For both SpyCas9 and 4 SauCas9 the reaction was described well by a single exponential followed by a linear (i.e., 5 steady state) phase equation (Methods). The burst kinetics for SpyCas9 were too rapid to be 6 resolved with manual quenching; however, the estimated burst amplitude was consistent with 7 the SpyCas9 concentration of 25 nM ( Fig. 2A) . It is unlikely that the equation fit to the SauCas9 8 data recapitulates a true burst because the amplitude is nearly 4-fold higher than the SauCas9 9 concentration in the reaction ( Fig. 2A) . Interestingly, the linear phase of the reaction for 10 SauCas9 was 1.6x10 -3 ± 5x10 -4 min -1 , which is 7-fold faster than measured for SpyCas9 ( Fig. 
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2A,D). Preincubating SpyCas9 or SauCas9 RNPs for 24 hr at reaction conditions prior to 12 addition of substrate DNA1 resulted in nearly identical results, strongly suggesting that the RNP 13 is stable and retains full activity over the course of a 24-hr reaction (data not shown), thus 14 eliminating the possibility that the change in the rate of product formation is due to loss of active 15 RNPs. Nuclease contamination in the protein stocks is also unlikely due to lack of DNA 16 cleavage in the absence of sgRNA ( Fig. 1B,C) . Possible explanations for the change in the rate 17 of the reaction may be that the pool of available substrate 110mer DNA1 decreases below the 18 K m , SauCas9 may be subject to product inhibition and/or slow product release (Fersht, 1999) , or 19 a more complicated mechanism is responsible for this observation, which we cannot account for 20 at this time.
22
The 110mer DNA1 substrate in our study (Table 1, DNA1) contained one instance of the PAM, 23 adjacent to the target sequence, which is not the case in genomic DNA. By chance a genome is 24 likely to contain numerous PAMs that occur distal to the target sequence. Therefore, we tested 25 how additional "decoy" TGGAAT PAMs -distal to the target sequence -affect the turnover activity of Spy-and SauCas9. We mutated the 110mer DNA1 substrate to contain either 2 or 5 yielded single homogenous peaks that increased in magnitude over the course of the reaction 1 ( Fig. 3B ). Because the reaction substrates were labeled on the 5'-ends (Table 1) , we cannot 2 rule out degradation of the PAM-proximal PAM-containing strand nor the PAM-distal fragment of 3 the non-PAM strand; however, these data provide an insight into another important mechanistic 4 difference between the S. pyogenes and S. aureus Cas9 homologs that is to be considered in 5 applications of the CRISPR/Cas9 technology. SpyCas9 is the best-characterized Cas9 enzyme due in large part to its widespread adoption as 11 a genome editing tool. SauCas9 shares 17% sequence identity with SpyCas9 and has been 12 less intensively reported on. Our in vitro data suggests that SauCas9 is a multiple-turnover 13 enzyme while SpyCas9 is not. This finding may provide some insight into previous observations 14 suggesting that SauCas9 is modestly more active than SpyCas9 in cells (Xie et al., 2018) . DNA 15 cleavage in vitro may not completely correlate with editing in vivo; however, the fact that 16 SauCas9, but not SpyCas9, is able to undergo multiple rounds of catalysis, suggests a 17 fundamental mechanistic difference between the homologs. To our knowledge, this is the first 18 report of a multiple-turnover Cas9. The rate of turnover is slow but it is significantly faster than 19 for SpyCas9. It is tempting to speculate that a multiple-turnover Cas9 could be required in a 20 lower dose (e.g., for genome editing) than a Cas9 that remains bound to a cleaved target.
It is somewhat surprising that in spite of faster turnover and a longer (i.e., less common) PAM, 23 the amount of product formation was modestly decreased in DNA2 and DNA3 -containing 24 additional PAMs -for SauCas9 but not SpyCas9. One possible model, which will be the subject 25 of future studies, is that while SauCas9 may have a faster rate of product release, it might bind a substrate PAM sequence with a higher affinity than SpyCas9, irrespective of the adjacent 1 target sequence. 
16
In this study, we compared DNA cleavage activity of S. pyogenes and S. aureus Cas9 in the 17 presence of saturating sgRNA, in vitro. Our data provides novel insights into the mechanism of 18 catalysis for these enzymes. SauCas9 is smaller by more than 300 amino acids, greatly where ER is sgRNA bound to Cas9, E is the total enzyme in the reaction, and R is equal to the 1 total sgRNA in the reaction. The data were fit with KaleidaGraph software. Amp k exp (min -1 ) k lin (min -1 ) 3.6±0.3 0.010±0.001 1.6x10 -3 ± 5x10 -4 1.0±0.1 ND 2.4x10 -4 ± 9x10 -5 3.5±0.6 0.012±0.001 1.5x10 -3 ± 6x10 -4 1.2±0.2 ND 3.5x10 -4 ± 8x10 -5 3.4±0.6 0.013±0.001 8.6x10 -4 ± 3x10 -4 1.1±0.2 ND 1.5x10 -4 ± 7x10 -5
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